INTRODUCTION
============

The prevalence of patients with adult spinal deformity (ASD) has been reported as high as 68%[@b50-jkns-61-2-167]. These patients with ASD often complain of significant pain and disability. Emphasis had traditionally been focused on improving coronal plane alignment. However, there has been recent literature stressing the importance of sagittal plane balance and the significance of restoring normal sagittal alignment with regard to the three dimensional deformity of ASD.

Optimal sagittal alignment improves spinal biomechanical efficiency, reduces energy expenditure and decelerates adjacent segment degeneration. Sagittal imbalance physiologically causes an increased reliance on accessory muscles to stay erect and therefore, increased work expenditure during gait[@b45-jkns-61-2-167]. The increased workload leads to early fatigue as well as pain especially in the back, buttocks, and thighs. Individuals with either flexible or rigid deformities may inherently attempt to compensate through pelvic retroversion, hip extension, or hip and knee flexion for severe fixed imbalance. These compensatory mechanisms further increase energy expenditure.

The purpose of this article is to define the various global and regional sagittal parameters with sagittal balance or imbalance, to understand the changes in various global and regional sagittal parameters as well as the Scoliosis research society (SRS)-22 outcome scores with sagittal imbalance syndrome and after rebalancing surgery. Finally this article will discuss the various surgical options, including posterior column osteotomies (PCOs) and anterior structural grafts, utilized to achieve optimal outcomes.

GLOBAL AND REGIONAL SAGITTAL PARAMETERS
=======================================

Various regional and global parameters help define "normal" sagittal alignment ([Table 1](#t1-jkns-61-2-167){ref-type="table"}). The C7 sagittal vertical axis (SVA) is determined by the C7 plumb line drawn caudally from the center of the body of C7. The line should theoretically intersect the posterosuperior aspect of the S1 endplate on a full-length standing X-ray. By definition, if the line passes anteriorly, the patient has positive global sagittal balance, and if the line passes posteriorly, the patient has negative balance. Typically, in patients with normal or neutral sagittal balance, the C7 plumb line should fall within 3 cm, either anterior (3 cm positive) or posterior (3 cm negative), to the posterosuperior aspect of the S1 endplate. To obtain an even more global view of sagittal balance, it is possible to measure the balance between the basion to S1 or the basion to the center of the femoral heads as well; mean values in asymptomatic controls were noted to be 23.4±14.9 and -26±37.5 mm, respectively[@b26-jkns-61-2-167].

The T1 pelvic angle (TPA) has been introduced as a new predictor and assessment tool for both pre-operative and postoperative sagittal balance[@b44-jkns-61-2-167]. Some authors believe that the SVA fails to account for pelvic compensation when assessing sagittal balance, which is integral for corrective procedures. SVA measurements can be affected by both patient posture and X-ray magnification. TPA accounts for the interaction between SVA and pelvic tilt (PT) or trunk inclination and pelvic retroversion[@b48-jkns-61-2-167]. TPA is measured by drawing a line from the center of the T1 vertebral body to the femoral heads and a line from the femoral heads to the center of the S1 endplate. The measurement can be made on a prone or upright X-ray. In a retrospective review of patients with adult scoliosis undergoing corrective surgery with pedicle subtraction osteotomy (PSO), TPA was found to categorize spinal deformity in a manner frequently consistent with the SRS-Schwab Classification, and larger TPA values correlated with worse health outcome measures. The authors defined target TPA of 10--15 degree for patients aged 40--65 and 15--25 degree for patients older than 65 in order to decrease deterioration in patients with ASD[@b48-jkns-61-2-167].

Recently, age- and sex-based normative values of spinal alignment parameters were defined in a series of asymptomatic adult volunteers who underwent full-body radiographic imaging in order to provide deformity surgeons with a reference when planning corrective procedures[@b26-jkns-61-2-167]. Within the cohort of 115 volunteers without spine-related symptoms, it was noted that C7 SVA increased with age while lumbar lordosis (LL) decreased over time. Patients between 21--30 years old had average C7 SVA -27.1 mm, with gradual increase over each older decade until those over age 71 had C7 SVA of 28.2 mm.

Regional measurements between vertebrae are evaluated from the cephalad endplate of the proximal level to the caudal end plate inferiorly. Cervical lordosis (CL) is measured between C1--C2 (average 35 degree, ranging from 8--55 degree) or between C2--C7 (average 13 degree, ranging from 0--54 degree)[@b21-jkns-61-2-167],[@b34-jkns-61-2-167],[@b37-jkns-61-2-167],[@b38-jkns-61-2-167]. Additionally, inherent relationships between cervical alignment and sagittal spinopelvic alignment have been reported. The T1 slope has been previously suggested as an important factor in influencing overall spinal sagittal alignment, and increasing T1 slope has been shown to significantly correlate with greater sagittal malalignment of the dens[@b1-jkns-61-2-167],[@b21-jkns-61-2-167],[@b34-jkns-61-2-167],[@b37-jkns-61-2-167],[@b38-jkns-61-2-167]. Another researcher found that C7 slope served as a valuable marker of overall sagittal plane alignment, acting as a link between the occipitocervical and thoracolumbar spine[@b41-jkns-61-2-167]. The C7 slope is the angle created by a line parallel to the superior C7 endplate and a horizontal reference line. In their radiographic analysis, it was noted that C7 slope correlated significantly with both sacral slope (SS) and the C7 SVA. While the C7 plumb line between the center of C7 and the posterosuperior aspect of S1 describes the alignment below C7, recently there has been a growing emphasis on understanding balance above C7 as well. While the previously described C7 SVA can be used to define global balance, the C2 SVA can also be used (distance between the centroid of C2 or the odontoid and the posterosuperior aspect of the S1 endplate). To get a better understanding of the cervical alignment, the cervical SVA, of the distance between the centroid of C2 or the odontoid and the posterosuperior aspect of the C7 upper endplate (C2--C7 SVA), can also be used[@b1-jkns-61-2-167]. This parameter should be accounted for regularly since it correlates with multiple parameters including general health scores and severity of myelopathy; normal C2--C7 SVA is roughly 15--17±11.2 mm[@b1-jkns-61-2-167],[@b17-jkns-61-2-167]. Furthermore, a recent study shows that similar to the trend observed in the lumbosacral spine, T1 slope minus C2--C7 lordosis mismatch may significantly impact cervical alignment[@b21-jkns-61-2-167]. Their results indicate that a greater mismatch between T1 slope and C2--C7 lordosis is associated with a greater degree of cervical malalignment and disability, as defined by C2--C7 SVA and neck disability index (NDI) scores (\>25), respectively. Particularly, a T1S--CL mismatch greater than 22.2° corresponded to severe disability (NDI\>25) and positive cervical sagittal malalignment, defined as C2--C7 SVA greater than 43.5 mm.

Thoracic kyphosis (TK) is measured from the upper endplate of T2 to the lower endplate of T12. Due to the radiographic shadow of the shoulders, a surrogate for TK can be estimated from the T5 upper endplate to the T12 lower endplate. Normal TK is estimated to be 20--50 degree[@b47-jkns-61-2-167]. On average, the angle between horizontal reference line and upper endplate of T5 is 10 degree and that between the horizontal reference line and lower endplate of T12 is 20 degree. The thoracic spine has an average of 30 degree of kyphosis at T5--T12 (TK, described as "+")[@b3-jkns-61-2-167].

Thoracolumbar (TL) kyphosis (normal 0 degree) is measured by the Cobb angle between the upper end-plate of T10 and lower end-plate of L2. Lumbar lordosis is the angle between the lower endplate of the T12 vertebral body and the upper endplate of sacrum. It can also be measured between the cephalad endplate of L1 and the sacral endplate; normal values have been reported as 31--79 degree[@b47-jkns-61-2-167]. Typically, the lumbar spine has 60 degree of lordosis from T12--S1 (LL, described as "−")[@b17-jkns-61-2-167]. Over the last decade, however, the variability in LL has been appreciated, as well as its ideal correlation with the individual patient's pelvic incidence (PI) value. Up to two thirds of this lordosis routinely arises between L4 and S1[@b3-jkns-61-2-167].

SS describes the angle between the sacral endplate and the horizontal reference line, and is normally about 40 degree (normal described between 36--39±9 degree)[@b51-jkns-61-2-167]. PT describes the spatial orientation of the sacrum and the femoral head. PT is the angle between a vertical reference line and the line connecting the midpoint of the sacral end plate and the center of the femoral head, which is normally 11 degrees. PI describes the relationship of the sacrum to the pelvis and relates the spatial orientation of the femoral head to the sacrum; it is defined as the angle between a line perpendicular to the center of the sacral endplate and a line between the center of the sacral endplate and the center of the femoral heads. If the femoral heads are not aligned, the midpoint between the two femoral heads is used for measurement. Unlike other measures, PI is a fixed anatomic parameter that is not position-dependent; normal ranges have been described as about 52±9 degree[@b39-jkns-61-2-167],[@b51-jkns-61-2-167]. PI averages 52 degree in Caucasians, and slightly lower (47 degree) in patients of Asian descent[@b3-jkns-61-2-167],[@b36-jkns-61-2-167],[@b39-jkns-61-2-167]. PI, PT, and SS share a unique relationship; PI equals the sum of PT and SS[@b39-jkns-61-2-167].

Spinal curvature parameters are inter-related and often proportional to each other. A small SS corresponds to a horizontal sacral endplate and decreased LL. On the other hand, patients with a more tilted sacral endplate and correspondingly increased SS have more pronounced LL. Similarly, TK and LL share a close relationship. Patients with a large TK are often found to have a large LL with increased slope at the T12 vertebral body. As discussed previously, PI is a static measurement with respect to positioning. Although it is a relatively fixed parameter, it has been noted to change with age. PI increases during childhood and adolescence and then remains relatively constant through adulthood. With the gradual loss of LL that occurs with aging, there is a further compensatory increase in PI as the pelvis rotates to maintain global spinal alignment[@b16-jkns-61-2-167]. Above average PI\>60 degree has been associated with high LL and found to be a predisposing factor in the development and progression of spondylolisthesis secondary to alterations of mechanical stress at the lumbosacral junction.

Roussouly defined four types of patterns of sagittal alignment based on the location of the TL inflection point, or segment the TK transitions to LL[@b47-jkns-61-2-167]. This change occurs at the L3/L4 level in type 1 lordosis. Types 2--4 have progressively higher levels of transition at L1/L2, T12/L1, then T9/T10 for type 4. The PI increases as the inflection point lies more proximal and balance moves from negative to positive with type 3 being a well-balanced spine. Barrey et al. described patients in six groups of increasing PI values and found that LL increased in each group[@b2-jkns-61-2-167].

SAGITTAL IMBALANCE AND COMPENSATORY MECHANISMS
==============================================

Sagittal imbalance may arise from a variety of causes. Congenital vertebral malformations or ankylosing spondylitis may prevent development of proper alignment, while tumors, infections, or degeneration may lead to progressive decompensation over time[@b54-jkns-61-2-167]. Iatrogenic flatback syndrome results from surgical fusion with insufficient implementation of kyphosis or lordosis[@b43-jkns-61-2-167]. Post-surgical changes, such as post-laminectomy kyphosis or adjacent segment disease at the ends of instrumented fusions, can also lead to sagittal imbalance through significant disc degeneration[@b9-jkns-61-2-167],[@b14-jkns-61-2-167],[@b20-jkns-61-2-167]. Prior decompression, spinal extensor muscle and ligamentous damage from previous surgeries can also influence the development of sagittal deterioration. Patients with degenerative sagittal imbalance tend to be older with a history of prior distal lumbar spine surgery and often hypolordotic fusions[@b5-jkns-61-2-167].

Several compensatory mechanisms are employed in an effort to maintain neutral alignment in the sagittally malaligned patient. Overall, once there is a loss of lordosis by anterior column shortening, posterior lengthening, or increased kyphosis, the spine first attempts to compensate. Additional lordosis proximal and distal to the regionally imbalanced levels occurs, as well as a decrease in TK. As patients' age and their spines become increasingly rigid and kyphotic, the compensatory decrease in TK becomes exceedingly difficult. Then the pelvis is recruited and SS is decreased. Pelvic retroversion (corresponding to an increased PT) attempts to reposition the head over the pelvis and maintain a horizontal gaze. The erector muscles then help to correct posture but are unable to maintain the tension band effect due to degeneration and fatigue. If the prior compensatory mechanisms are not capable of maintaining sagittal balance, the lower extremities are recruited to alter alignment. If not sufficiently compensated through pelvic retroversion, hip flexion, knee flexion and even ankle flexion attempts to retain balance at the cost of increased energy expenditure[@b13-jkns-61-2-167]. Hip flexion contracture is possible with long lasting sagittal imbalance which sometimes makes sagittal rebalancing surgery more complicated. Hyperextending the occiput through C2 segments may be employed to maintain horizontal gaze[@b21-jkns-61-2-167],[@b38-jkns-61-2-167]. Once there is a loss of balance of 5--8 cm positive imbalance, a vicious cycle proceeds in which further imbalance puts more stress on compensatory mechanisms and leads to further decompensation. Global and regional changes have been reported in patients with sagittal imbalance[@b32-jkns-61-2-167]. Kim et al.[@b30-jkns-61-2-167] reported on various sagittal parameters in 100 patients with an average sagittal imbalance of 15.5 cm vs. 100 asymptomatic controls with SVA −0.8 cm ([Table 2](#t2-jkns-61-2-167){ref-type="table"}). The 100 patients with sagittal imbalance had 45 degree less LL (15 degree vs. 60 degree in asymptomatic adults), 14 degree less SS (24 vs. 38 degree in asymptomatic adults), 10 degree more PT (23 degree vs. 13 degree in asymptomatic adults), and 6 degree less of TK at T5--12 (26 vs. 32 degree in asymptomatic adults). The total loss of 45 degree LL corresponded to a 16.3 cm SVA difference in patients with sagittal imbalance despite thoracic compensation by loss of 6 degree TK and pelvic compensation by loss of 14 degree sacral slope.

Booth et al subdivided patients with sagittal imbalance into two groups ([Fig. 1](#f1-jkns-61-2-167){ref-type="fig"}). Type 1 deformity referred to patients with segmental hypolordosis or kyphosis of the lumbar spine at previously fused levels but maintenance of global balance (i.e., SVA\<8 cm)[@b45-jkns-61-2-167]. Type 2 global deformity was defined as having the C7 plumb line fall greater than 5 cm anterior to the lumbosacral disc with either fusion to the sacrum or significant disc degeneration below the fusion mass (i.e., SVA\>8 cm). Type 1 patients are able to maintain sagittal balance by compensation through hyperextending mobile spine segments primarily below the fusion level, reflected through anterior disc heights \>5 mm compared to posterior disc heights on radiograph. Knee flexion, pelvic retroversion (increase in pelvic tilt), and hip extension are several compensatory mechanisms utilized by patients with fixed sagittal imbalance to improve global alignment. Patients initially compensate for sagittal imbalance by standing with their feet spread further apart and knees flexed to improve the position of their head over their feet, attempting to optimize the C7 plumb[@b44-jkns-61-2-167]. Pelvic retroversion occurs next, which allows maximum hyperextension of the hips to maintain an optimal erect posture in the setting of loss of lordosis[@b26-jkns-61-2-167]. With ambulation, hip extensors quickly fatigue leading to a decompensated pitched forward posture. Unfused thoracic segments progressively develop a hypokyphotic posture to optimally compensate for a positive SVA and hypolordotic lumbar spine. Unfortunately, these compensatory mechanisms driven by dynamic changes in the unfused segments may predispose to accelerated disc degeneration[@b26-jkns-61-2-167],[@b44-jkns-61-2-167].

The Schwab adult deformity classification system, created in conjunction with the SRS, facilitates systematic organization spinal deformity and provides a guide for patient management. The classification system utilizes three sagittal plane modifiers and four curve type descriptors. The sagittal plane modifiers include PT (0 : \<20 degree, + : 20 to 30 degree, ++ : \>30 degree), global alignment based on SVA (0 : \<4 cm, + : 4 to 9.5 cm, ++ : \>9.5 cm), and PI minus LL (0 : within 10 degree, + : moderate 10 to 20 degree, ++ : marked \>20 degree). The spinopelvic parameters included in this classification system have been linked to pain and disability in deformity patients and may be used to determine thresholds for deformity correction. Optimization of these parameters significantly correlates with improvements in health-related quality of life measures post-operatively[@b12-jkns-61-2-167].

RESTORATION OF SAGITTAL IMBALANCE
=================================

Optimal sagittal balance is a distance from the C7 plumb to the posterosuperior endplate of S1 \<3 cm, and suboptimal as a distance of 3--8 cm. In a retrospective analysis of factors controlling sagittal spinal balance following long adult instrumented TL fusion, the authors concluded that a sagittal Cobb angle difference of \>20 degree between the LL and TK led to optimal sagittal balance in most cases. Optimal sagittal balance and the subsequent improved functional outcomes were found in patients with a smaller preoperative PI, smaller angular changes at the TL junction, and greater LL at final follow-up. Risk factors for suboptimal sagittal balancing included age older than 55 years at the time of surgery, postoperative PI compared to the difference between LL and TK of \>45 degree, preoperative global sagittal balance \>5 cm, and smaller LL compared to TK\<20 degree postoperatively[@b32-jkns-61-2-167].

When planning a re-balancing surgery of the spine, it is difficult to predict how the spine will move above and below the osteotomy area. The amount of pelvic correction versus truncal correction from a given osteotomy must be estimated prior to surgery in order to properly and globally realign the deformed patient. In the evaluation of adult spinal deformity, the surgeon must first classify the key pathology as segmental, regional or global in order to guide surgical intervention. Further pre-operative assessment should include measurement of several elements integral to adequate correction. The SVA and T1 PT help to quantify the amount of sagittal imbalance. PI, TK, and LL should be evaluated in the context of PT. For example, patients with decreased LL compensate by pelvic retroversion and hip/knee flexion in order to maintain a horizontal gaze. The amount of lumbar deformity present can often be underestimated in situations of increased compensatory pelvic retroversion (PT). Pelvic retroversion (PT) is mainly affected by PI and LL. PI, pelvic tilt, and LL together determine the global sagittal balance (SVA). Therefore, by correcting the LL through operative intervention, the surgeon can modulate post-operative PT and restore global sagittal alignment (SVA).

The first step of sagittal re-balancing starts from adequate restoration of LL[@b2-jkns-61-2-167],[@b6-jkns-61-2-167]. The preferred method of the senior author is to correlate LL closely with PI despite many compensatory changes. The target LL is based on six classes of PI where patients with lower PI require less LL and patients with higher PI require greater LL in order to obtain optimal balance. In class I (28°\<PI\<38°), target LL is PI+18° (±7°). In class II (38° \<PI\<48°), target LL is PI+13° (±8°). In class III (48°\<PI\<58°), target LL is PI+9° (±8°). In class IV (58°\<PI\<68°), target LL is PI+6° (±5°). In class V (68°\<PI\<78°), target LL is PI+2° (±7°). In class VI (78°\<PI\<88°), target LL is PI-5° (±8°)[@b2-jkns-61-2-167]. In a study of normal volunteers, Kim et al.[@b30-jkns-61-2-167] described relationship of PI, LL, and TK as PI+LL+TK=22, where LL is a negative value. Furthermore, the authors developed the formula PI+LL+TK\<45 degree in order to guide surgical correction[@b30-jkns-61-2-167],[@b46-jkns-61-2-167]. At 91% sensitivity, this formula has been proven successful at predicting ideal sagittal balance at 24 months postoperatively[@b30-jkns-61-2-167]. Kim et al.[@b30-jkns-61-2-167] further refined his formula, which details that the sum of TK+LL+PI should ideally lie between 20 and 45 degree for acceptable balance. This study also suggested correction of the TK to make optimal sagittal balance. Sometimes correction of thoracic hyperkyphosis (T5--T12 \>50 degree) or TL hyperkyphosis (T10--L2 \>20 degree) is needed to make optimal SVA postoperatively. Selection of fusion level to upper thoracic or TL spine should include the severity of global sagittal/coronal imbalance, thoracic or TL hyperkyphosisor osteoporosis or severe sagittal or coronal imbalance. When to stop at lower thoracic area, we should consider T10 is indeed the lowest immobile thoracic vertebra strut by the rib cage. Therefore we had better to decide to stop at T9 or T10 rather than T11 or T12 or L1 to prevent proximal junctional failure following sagittal plane corrective surgery.

Next step is to decide surgical approach to achieve the target LL. If the spine is flexible, lumbar extension positioning in the operation room may increase LL. Harimaya et al.[@b18-jkns-61-2-167] showed two different groups : those with increased LL (\>5 degree) during intraoperative prone positioning vs. those with minimal to no change in lordosis (\< or =5 degree) during intraoperative prone positioning. The corresponding LL measurements for the increased lordosis group were −25.9 degree (upright), −40.0 degree (supine), −43.1 degree (intraoperative prone), and −48.9 degree (postoperative upright) (*p*\<0.05 for preoperative upright to all other comparisons). The corresponding LL measurements for the unchanged lordosis group were −54.2 degree, −53.8 degree, −50.3 degree, and −55.7 degree (no significant differences)[@b18-jkns-61-2-167]. If the spine is not flexible by flexion/extension radiographs, patients require more aggressive posterior only corrective osteotomies or anterior structural grafts with or without posterior release to obtain satisfactory sagittal balance[@b6-jkns-61-2-167],[@b12-jkns-61-2-167],[@b33-jkns-61-2-167]. In case of long fusion to upper thoracic or lower thoracic spine, same strategic approach is recommended.

Anterior column structural grafts, either through a traditional anterior approach or a minimally invasive lateral approach, provide anterior column lengthening while precluding the wide exposure needed for posterior-based osteotomies. Because 60% to 80% of anatomic LL is found between L4 to S1, improved outcomes are observed if the majority of deformity correction and created LL is derived from these lower lumbar segments[@b55-jkns-61-2-167]. Complete release of the anterior longitudinal ligament (ALL) is inherent in these procedures and allows for maximal lordosis correction. Moreover, hyperlordotic cages (HLC) have been recently designed to further increase the correction ability. Twenty degree HLC can achieve up to 19 degree of segmental lordosis, while thirty degree HLC can achieve up to 29 degree of segmental lordosis with an average blood loss of only 240 mL[@b49-jkns-61-2-167]. Laterally based minimally invasive approaches can create 10.2 degree of segmental lordosis with operative times less than one hour and blood loss less than 50 mL[@b11-jkns-61-2-167]. With similar sagittal correction magnitude to the PSO, the anterior or lateral procedures involving ALL release and anterior column structural support are a predictable method to correct LL and restore sagittal balance while mitigating the morbidity of the posterior dissection.

There are three general categories of osteotomies : PCOs, pedicle subtraction osteotomies, and vertebral column resections (VCR). Selecting the correct type of osteotomy in adult deformity is determined on a case-by-case basis and largely individualized to the specific patient. The decision of osteotomy or combination of osteotomies depends on a number of factors including the type, magnitude, stiffness, and angularity of the deformity as well as bone density, operative goals, and surgeon experience.

By definition, PCOs involve removal of the posterior ligaments and complete facetectomy, encompassing the classic Smith-Petersen and Ponte osteotomies. The amount of sagittal correction obtained from a PCO ranges from 5 to 10 degree per level, depending on the location of the osteotomy and flexibility of disc space. PCOs are the most commonly utilized osteotomies for the flexible spinal deformity patients, those with long smooth curves, those who need lesser amount of correction and those who are given anterior structural support. The relatively benign osteotomies do not carry the neurologic and pseudarthrosis risk of the more aggressive osteotomies.

Three column osteotomies are reserved for fixed, angular deformities. PSO is considered in patients with greater sagittal imbalance with fixed angular deformity. PSO involves removal of the posterior ligaments and facets with a transpedicular decancellation of the vertebral body allowing for simultaneous correction of coronal and sagittal plane deformities. Several studies demonstrated a single PSO can generate 20 to 40 degree of LL and an approximate 10 to 12 cm change in SVA, depending on the wedge of bone removed ([Table 3](#t3-jkns-61-2-167){ref-type="table"})[@b6-jkns-61-2-167],[@b10-jkns-61-2-167],[@b23-jkns-61-2-167],[@b25-jkns-61-2-167],[@b31-jkns-61-2-167]. Unfortunately, despite aggressive correction with PSO, sagittal decompensation at ultimate follow-up (SVA\>8 cm) may develop postoperatively in a small subset of patients (29%). In these patients, sagittal decompensation is associated with significantly lower total SRS outcome scores and self-image and function subscale scores[@b29-jkns-61-2-167]. The presence of comorbidities, old age \>55 years, preoperative higher SVA\>15 cm, poor sagittal balance in 8 weeks postoperative SVA\>8 cm, upper instrumented vertebra below T8, less LL angle increase \<40°, postoperative difference between LL and TK\<25°, and TK+PI+LL (minus value) \<45° are risk factors for developing postoperative sagittal decompensation[@b28-jkns-61-2-167],[@b46-jkns-61-2-167]. There are several variants PSOs including asymmetrical pedicle osteotomy or discectomy. Hyun and colleagues reported fish-mouth PSO can provide a larger magnitude of correction comparing to classic PSO without compromising spinal cord function for fixed sagittal plane deformity[@b42-jkns-61-2-167]. They suggest that the ideal candidates for fish-mouth PSO are patients with fixed sagittal imbalance requiring a large magnitude of correction more than 35° after 1-level osteotomy and the patients with angular kyphosis which apex has wedge deformity of the vertebral body.

VCR is a procedure of last resort and only considered when more conservative osteotomy will not suffice. Posterior VCR (PVCR) involves resection of all posterior elements, facet joints above/below, pedicles, entire vertebral body and discs above/below. VCR allows for tremendous ability to correct deformity as the entire spine is disarticulated and shortened. One PVCR corrected the sagittal curve by 40--80° of kyphosis correction at lumbosacral and TL deformity. For sharp, angular kyphosis greater than 90°, posterior-only multilevel modified VCR is an effective way to correct the deformity[@b56-jkns-61-2-167]. Unfortunately, the complication rate exceeded 30% including high degree of morbidity and significant blood loss[@b53-jkns-61-2-167]. While three column osteotomies carry several risks such as for substantial blood loss, pseudarthrosis and neurologic compromise, they may be employed alone or in combination to achieve substantial sagittal as well as multiplanar correction[@b6-jkns-61-2-167],[@b12-jkns-61-2-167],[@b33-jkns-61-2-167]. Pelvic fixation and multiple rods should be considered if upper instrumented vertebra is L2 or above and 3-column osteotomy is utilized. The use of a multiple-rod construct is a simple and effective method to provide increased stability across 3-column osteotomy sites to significantly prevent implant failure and symptomatic pseudarthrosis vs. a standard 2-rod construct[@b15-jkns-61-2-167],[@b24-jkns-61-2-167]. However, a recent study shows that increased rod stiffness by use of Cobalt Chrome and multiple-rod construct can increase the incidence of proximal junctional kyphosis[@b15-jkns-61-2-167]. Five illustrative cases are provided in [Figs. 2](#f2-jkns-61-2-167){ref-type="fig"}[](#f3-jkns-61-2-167){ref-type="fig"}[](#f4-jkns-61-2-167){ref-type="fig"}[](#f5-jkns-61-2-167){ref-type="fig"}--[6](#f6-jkns-61-2-167){ref-type="fig"}.

SAGITTAL BALANCE AND PATIENT OUTCOMES AFTER SAGITTAL RESTORATION
================================================================

Despite adequate correction, several studies have reported secondary loss of sagittal alignment postoperatively. Blondel et al. correlated low PI and lack of sufficient TK to postoperative loss of sagittal alignment regardless of surgical approach[@b4-jkns-61-2-167],[@b8-jkns-61-2-167]. In a study on lumbar PSO, deterioration of unfused junctions occurred at a higher rate in older patients and those with worse preoperative PT, PI, or T1 spinopelvic inclination[@b35-jkns-61-2-167]. Similarly, Schwab and colleagues correlated postoperative loss of alignment with higher preoperative measurements of SVA, PT, and PI, as well as LL--PI mismatch[@b52-jkns-61-2-167].

Poor outcomes have been previously reported in patients with reduced LL and a fixed sagittal imbalance after spinal fusion. Several studies have elucidated the importance of sagittal balance and the correlation of positive imbalance with negative outcome scores[@b13-jkns-61-2-167],[@b19-jkns-61-2-167],[@b40-jkns-61-2-167]. Moreover, a recent study showed a direct relationship between sagittal balance and quality of life scores[@b40-jkns-61-2-167]. Glassman and colleagues were the first to report on the detrimental pain and functional effects of sagittal imbalance greater than 4 cm[@b13-jkns-61-2-167]. Likewise, Mac-Thiong et al.[@b40-jkns-61-2-167] attributed positive imbalance more than 6 cm to worse health related quality of life scores as evidenced by Oswestry Disability Index results. Self-image is equally affected. Positive sagittal balance has been associated with significantly worse self-image and social function, in addition to worse pain and poorer function[@b13-jkns-61-2-167]. Fortunately, surgical correction of the imbalance with various osteotomies can lead to an over 90% improvement in self-image postoperatively[@b7-jkns-61-2-167].

SEVERAL ISSUES AFTER SAGITTAL REBALANCING
=========================================

Normal population study showed that the distribution of ideal LL is between 10 degree less than PI and 10 degree more than PI in general. There is 20 degree difference in the distribution of ideal LL for given patient[@b28-jkns-61-2-167]--[@b30-jkns-61-2-167],[@b51-jkns-61-2-167],[@b52-jkns-61-2-167]. Thus, we should make the target LL considering their age, bone quality, life style as well as PI. Previous studies show that reciprocal sagittal plane angle changes are variable such as SS or pelvic tilt and TK changes above the instrumented fusion area after LL restoration[@b29-jkns-61-2-167],[@b47-jkns-61-2-167],[@b52-jkns-61-2-167]. Stop at proximal thoracic spine rather than at the TL junction has advantage to make better SVA despite the loss of motion segment. The strategy should be followed especially in patients with osteoporosis, larger TK, paraspinal muscle atrophy and fatty degeneration at the TL junction area because symptomatic proximal junctional failure can occur more frequently ([Fig. 7](#f7-jkns-61-2-167){ref-type="fig"})[@b15-jkns-61-2-167],[@b22-jkns-61-2-167],[@b27-jkns-61-2-167],[@b28-jkns-61-2-167]. Lastly, flexion contracture of the hip joint needs more understanding.

CONCLUSION
==========

Adult spinal deformity with sagittal imbalance is associated with significant pain, disability, as well as directly and negatively influence health related quality of life scores. The spine surgeon has to understand the whole global and regional alignment changes after sagittal imbalance to address the multiplanar deformity. Restoration of global alignment and minimization of complications through various surgical options can successfully improve the pain and function of spinal deformity patients.
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![Type 1 and 2 sagittal imbalance : examples of type 1 (compensated) and type 2 (decompensated) imbalance.](jkns-61-2-167f1){#f1-jkns-61-2-167}

![A 72-year-old female with back pain and poor posture. Scoliosis AP radiographs (A) and lateral radiographs (B) reveal with poor balance and native PI of 36°. Target lumbar lordosis was 54°±7° (47° to 61°). Mismatch between target LL and current LL was 34°±7° (27° to 41°). Operative plan was a single PSO to obtain 35° versus six posterior column osteotomies (PCOs) to obtain 30°--42°. The decision was made to proceed with PSSIF T10--S1--Pelvis with PLIF at L5--S1 and PCOs at T10--11, T11--12, T12--L1, L1--2, L2--3, and L5--S1. Scoliosis lateral at 8 weeks (C) shows TK of 45° and LL of 46°. Perfect sagittal balance was achieved. Scoliosis AP (D) and lateral (E) in 2 years. Perfect sagittal balance was maintained. TK : thoracic kyphosis, TLK : thoracolumbar kyphosis, LL : lumbar lordosis, SS : sacral slope, PI : pelvic incidence, AP : anterior posterior, PSO : pedicle subtraction osteotomy, PSSIF : posterior spinal segmental instrumentation and fusion, PLIF : posterior lumbar interbody fusion.](jkns-61-2-167f2){#f2-jkns-61-2-167}

![A 60-year-old female with back pain and poor posture. Scoliosis AP radiographs (A) and lateral radiographs (B) reveal with poor balance and native PI of 56°. Target lumbar lordosis was 45°±8° (37° to 53°). Mismatch between target LL and current LL was 61°±8° (53° to 69°). Operative plan was a single pedicle subtraction osteotomy (PSO) (35°), multilevel posterior column osteotomies (PCOs) with or without anterior spinal fusion (ASF) (18° to 34°), and ASF at L2 to S1 (20°). The decision was made to proceed with PSSIF T12--S1--Pelvis with L4 PSO and PCO at L1--2, L4--5, and L5--S1. Scoliosis lateral at 8 weeks (C) shows TK of 29° and LL of 56°. Perfect sagittal balance was achieved. Scoliosis AP (D) and lateral (E) at 4 years. Perfect sagittal balance was maintained. PT : pelvic tilt, PI : pelvic incidence, AP : anterior posterior, LL : lumbar lordosis, PSSIF : posterior spinal segmental instrumentation and fusion, TK : thoracic kyphosis.](jkns-61-2-167f3){#f3-jkns-61-2-167}

![A 73-year-old female with back pain and poor posture. Scoliosis AP radiographs (A) and lateral radiographs (B) reveal with massive fixed kyphoscoliosis of 103° scoliosis and 115° kyphosis. Operative plan was PSSIF T9--S1--Pelvis with L1 PVCR and PLIF at L4--5 and L5--S1 with multilevel PCOs. Scoliosis AP (C) and lateral (D) at 8 weeks show correction of scoliosis to 47° and correction of kyphosis to 114°. Scoliosis AP (E) and lateral (F) at 4 years. Perfect sagittal balance was maintained. AP : anterior posterior, PSSIF : posterior spinal segmental instrumentation and fusion, PVCR : posterior vertebral column resections, PLIF : posterior lumbar interbody fusion, PCOs : posterior column osteotomies.](jkns-61-2-167f4){#f4-jkns-61-2-167}

![A 61-year-old male who has severe sagittal imbalance of 27 cm and fixed hip contracture of 20 degree despite prior spinal instrumentation and fusion surgeries. Revision PSSIF at T9--Pelvis with 2 PLIFs at L3--4/L4--5 and PSO at L3 showed good restoration of lumbar lordosis from 0.70 to 49.20. His preoperative PI was 42 degree. However, his SVA in 2 months is 12.2 cm. Increase in thoracic kyphosis of 130 and sacral slope of 140 took out the advantage of good restoration of lumbar lordosis of 480. Better sagittal vertical axis is expected in the future if flexion contracture of the hip is relieved with physical therapy. SVA : sagittal vertical axis, PI : pelvic incidence, SS : sacral slope, LL : lumbar lordosis, TK : thoracic kyphosis, PO : postoperative, PSSIF : posterior spinal segmental instrumentation and fusion, PLIF : posterior lumbar interbody fusion, PSO : pedicle subtraction osteotomy.](jkns-61-2-167f5){#f5-jkns-61-2-167}

![A 52-year-old male who has severe sagittal imbalance of 21 cm and fixed hip contracture of 20 degree despite prior spinal instrumentation and fusion surgeries. Revision PSSIF at T9--Pelvis with 2nd PSO at L4 showed good restoration of lumbar lordosis from 42.80 to 59.00. His preoperative PI was 69.50. However, his SVA in 3 months is 12.0 cm. Increase in thoracic kyphosis of 90 and flexion contracture took out the advantage of restoration of lumbar lordosis. Significant improvement in sagittal vertical axis in 3 years to 7.1 cm came after relief of hip flexion contracture with physical therapy. SVA : sagittal vertical axis, PI : pelvic incidence, SS : sacral slope, LL : lumbar lordosis, TK : thoracic kyphosis, PO : postoperative, PSSIF : posterior spinal segmental instrumentation and fusion, PSO : pedicle subtraction osteotomy, PLIF : posterior lumbar interbody fusion.](jkns-61-2-167f6){#f6-jkns-61-2-167}

![Steps of sagittal re-balancing. PI : pelvic incidence, UIV : upmost instrumeted vertebra, UT : upper thoracic, TL : thoracolumbar, SVA : sagittal vertical axis, LIV : lower instrumeted vertebra, P : posterior, PA : posterior anterior, PAP : posterior anterior and posterior, PCO : posterior column osteotomie, PSO : pedicle subtraction osteotomy, PVCR : posterior vertebral column resections.](jkns-61-2-167f7){#f7-jkns-61-2-167}

###### 

Normal sagittal parameters: global and regional

  Sagittal parameter   Average measurement
  -------------------- ------------------------
  C2--7 SVA            15+11.2 mm
  C7 SVA               0+3 cm
  C1--2 lordosis       35° (range, 8 to 55°)
  C2--7 lordosis       13° (range, 0 to 54°)
  T5--12 kyphosis      30° (range, 20 to 50°)
  T10--L2              0°
  T12--S1              60° (range, 31 to 79°)
  Sacral slope         40+9°
  Pelvic tilt          11°
  Pelvic incidence     52+9°

SVA: sagittal vertical axis

###### 

Various changes in sagittal parameter with type 2 SI

                     NI (n=100)   SI (n=100)
  ------------------ ------------ ------------
  C7 SVA (cm)        −0.8±3.1     15.5±5.5
  TK (T5--T12) (°)   32±11.9      26±20.3
  LL (T12--S1) (°)   −60±11.6     −15±20.3
  Sacral slope (°)   38±7.5       24±16.3
  Pelvic tilt (°)    13±10.1      33±14.5
  TK+LL+PI (°)       23±13.7      68±18.3
  TK+LL (°)          −28±11.8     12±23

SI: sagittal imbalance, NI: non imbalance, SVA: sagittal vertical axis, TK: thoracic kyphosis, LL: lumbar lordosis, PI: pelvic incidence

###### 

Various changes after lumbar PSO in SI patients

                     SI (n=114)   After PSO
  ------------------ ------------ -----------
  C7 SVA (cm)        14.2±6.03    2.6±5.17
  TK (T5--T12) (°)   27±19.2      35±15.1
  LL (T12--S1) (°)   −15±20.3     −52±14.5
  Sacral slope (°)   23±15.8      34±10.5
  Pelvic tilt (°)    32±10.7      21±9.1
  TK+LL+PI (°)       67±18.3      38±15.3
  TK+LL (°)          12±23        −17±23

PSO: pedicle subtraction osteotomy, SI: sagittal imbalance, SVA: sagittal vertical axis, TK: thoracic kyphosis, LL: lumbar lordosis, PI: pelvic incidence
